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Spermatogenesis is a complex and productive process that originates from stem cell spermatogonia and ultimately results
in formation of mature spermatozoa. The stem cell undergoes self-renewal throughout life, but study of its biological
characteristics has been difficult because a very small number (2 to 3 in 104 cells) exist in the testis and they can only be
dentified by function. Although the development of the spermatogonial transplantation technique has provided an assay
ystem for stem cells, efficient methods to enrich stem cells have not been available. Here, we examined two infertile mouse
odels, Steel/SteelDickie(Sl/Sld) and experimental cryptorchid, as a source of testis cell populations enriched in stem cells.
he Sl/Sld testis showed little enrichment, which raises questions about how adult stem cell number is determined and
bout the currently accepted belief that adult stem cells are independent of Sl factor. The cells recovered from cryptorchid
estes were enriched for stem cells 25-fold (colonies) or 50-fold (area) compared to wild-type testes. The cryptorchid
ondition does not affect stem cell activity, but eliminates almost all differentiated cells, and about 1 in 200 cells is a stem
ell. Thus, cryptorchid testes provide an important approach for purification and characterization of spermatogonial stem
ells. © 2000 Academic Press
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lINTRODUCTION
Spermatogenesis is a complex, highly organized process.
It can be divided into three main phases: mitotic expansion
of spermatogonia, meiosis of spermatocytes, and transfor-
mation of spermatids into uniquely shaped spermatozoa.
During each of these phases, specific changes occur in cell
populations and intercellular associations within the semi-
niferous tubules, which ultimately result in the formation
of spermatozoa. Germ cell differentiation stages are sup-
ported and nurtured by somatic Sertoli cells that line the
seminiferous tubule (Huckins, 1971; Clermont, 1972). The
foundation of this complex process is the spermatogonial
stem cell which undergoes self-renewal throughout adult
life of the animal and produces progeny cells to undergo the
complicated differentiation steps (Russell et al., 1990; de
Kretcher and Kerr, 1994; de Rooij and Grootegoed, 1998).
However, studies on this critical stem cell have been
severely hampered because the number of these cells is low,
1 To whom correspondence should be addressed at School of
Veterinary Medicine, University of Pennsylvania, 3850 Baltimore
Avenue, Philadelphia, PA 19104. Fax: (215) 898-0667.
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All rights of reproduction in any form reserved.possibly 2 to 3 in 104 cells of the mouse testis (Meistrich
and van Beek, 1993; Tegelenbosch and de Rooij, 1993); no
unique markers exist; and the cell can only be identified by
its function. Studies on the stem cell would be greatly
facilitated by development of enrichment methods, but
these techniques have been impossible to perfect because a
functional assay was not available until recently.
Enrichment of the hematopoietic stem cell (HSC),2 per-
aps the best characterized stem cell of the body, faced
imilar difficulties in the past (Spangrude, 1989). The num-
er of stem cells was very low, between 1 in 104 to 105 bone
marrow cells (Boggs et al., 1982; Micklem et al., 1987;
arrison et al., 1988), and initially there were no useful cell
urface markers. Consequently, it required several decades
o devise appropriate techniques, including the identifica-
ion of surface antigens and development of in vitro and in
2 Abbreviations used: Sl, Steel; Sl/Sld, Steel/SteelDickie; HSC, he-
atopoietic stem cell; LacZ, E. coli LacZ gene; X-gal, 5-bromo-4-
hloro-3-indolyl-b-D-galactoside; ROSA26-129, transgenic mouse
ine B6, 129-TgR(ROSA26)26Sor; ROSA26-B6, transgenic mouse
ine B6-TgR(ROSA26)26Sor; 129/B6, 129SvCP 3 C57BL/6 F1 hy-
brid; PGCs, primordial germ cells; LN, laminin; NFR, nuclear fast
red.
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402 Shinohara, Avarbock, and Brinstervivo stem cell assay techniques, such as the spleen colony
assay (Till and McCulloch, 1961) and the competitive
long-term reconstitution assay (Harrison, 1980). Currently,
to achieve purification of the HSC, a multistep process is
required that typically includes density centrifugation of
unfractionated or partially enriched bone marrow cells,
followed by removal of differentiated cells (negative selec-
tion) based on their expression of lineage-specific cell sur-
face markers. From the remaining cells, the stem cell is
selected using antibodies to several antigens (positive selec-
tion), such as Sca-1 or CD34, which are present on the
surface (Spangrude, 1989). While enrichment of 1000-fold or
better can now be achieved, the many steps result in loss of
more than 60% of the original stem cell population (Visser
et al., 1984; Muller-Sieburg et al., 1986). In order to develop
an enrichment procedure for spermatogonial stem cells, we
sought to follow procedures similar to those found success-
ful in the hematopoietic system, but based on biological
characteristics of the spermatogonial stem cell.
As a first step, a testis cell transplantation technique was
developed (Brinster and Zimmerman, 1994; Brinster and
Avarbock, 1994), which provides a functional assay for
spermatogonial stem cells. Donor cells are microinjected
into the seminiferous tubules of a recipient male in which
endogenous spermatogenesis has been depleted. Trans-
planted stem cells migrate to the basement membrane of
the seminiferous tubule, proliferate, and establish colonies
of germ cells that produce normal spermatozoa (Parreira et
al., 1998; Nagano et al., 1999). By definition, the spermato-
gonial stem cell is the only cell that can produce this result,
and therefore the technique is somewhat similar to in vivo
stem cell assays used to identify HSC following enrichment
studies. When transplanted cells are marked by a transgene
such as the Escherichia coli LacZ gene (LacZ), individual
colonies arising from spermatogonial stem cells can be
observed (Nagano et al., 1999), which enables quantifica-
tion of the number of colonies and total colonized area
(Dobrinski et al., 1999). Therefore, stem cell activity of
various cell populations can be evaluated, thereby estab-
lishing the basis to develop enrichment methods.
Using the spermatogonial transplantation technique, we
previously found that stem cells bind to laminin, but not
fibronectin and collagen type IV. In addition, a6- and b1-
integrins were demonstrated to be surface markers of the
spermatogonial stem cell (Shinohara et al., 1999). These
esults strongly suggested that the spermatogonial stem
ells reside on the seminiferous tubule basement mem-
rane by binding to laminin via a6- and b1-integrin dimers,
hich are known to mediate cell attachment to laminin.
hus, testis cell binding to laminin represents a possible
nrichment procedure that would capitalize on the a6- and
b1-integrin surface antigens present on spermatogonial
tem cells. Because the testis contains many differentiated
ells that also express the same integrins, the degree of
nrichment attainable through selection with laminin or
ntegrin alone is modest, only 5- to 10-fold. Consequently,combination of this approach with other methods, as
Copyright © 2000 by Academic Press. All righteveloped for HSC, is required for a high degree of sper-
atogonial stem cell enrichment. In HSC purification, the
bsence of specific markers for the stem cell was overcome
y negative selection using lineage-specific antibodies
Spangrude, 1989). Although such specific antibodies are
ot available for testis cell populations, several alternative
pproaches are potentially available for male germ cells,
hich might be combined with positive laminin selection
o achieve results comparable to HSC enrichment. Two of
hese approaches are the use of infertile mutant or cryp-
orchid mice as testis cell donors. In both of these models,
he differentiated germ cells are much reduced or depleted.
The first of these models, using mutant mice, results
rom a defective interaction of germ cells with Sertoli cells.
everal molecules have been identified that mediate the
nteraction between these cells, and the best characterized
f these molecules are Sl factor and c-kit. The Sl locus of
ertoli cells encodes a soluble and a membrane-bound form
f Sl factor that binds to the c-kit tyrosine kinase receptor
roduced by the W locus of germ cells (Huang et al., 1990).
n the testes of homozygous mutants of either the Sl or the
locus the seminiferous tubules are virtually devoid of
erm cells and contain few spermatogonia, and the mice are
nfertile (Silvers, 1979). The testes are reduced in size and
erm cells are much fewer than in testes of wild-type mice
Tajima et al., 1994). In a previous study, we found that
estis cells transplanted from homozygous mutant Sl mice
nto the seminiferous tubules of homozygous W mice
olonized the recipient testes, and the recipient males
roduced offspring with high efficiency (Ogawa et al., 2000).
his demonstrated that spermatogonia of mutant Sl mice
re functional when placed in an appropriate environment
hat supplies adequate Sl factors and suggested that the Sl
estis, which is small and lacks mature germ cells, might be
sed as an enriched source of stem cells. In this study,
gawa and colleagues were not able to estimate the degree
f enrichment because donor cells lacked a specific marker.
The second potential model of donor testes relies on the
ensitivity of differentiating germ cells to the high core
ody temperature. When the testis of most mammals is
etained in the body cavity, spermatogenesis fails to de-
elop, and if the mature testis is surgically fixed in the
bdomen, mature stages of germ cells are lost. This condi-
ion is known as cryptorchidism, and the experimental
rocedure has been used for a variety of studies (Fukui,
923; Moore, 1924). The model is well characterized in
57BL/6 mice, in which the cryptorchid testis is reported to
e 20 to 25% of its normal adult size (Nishimune et al.,
978), and only type A spermatogonia remain as clones of 1
o 16 cells (de Rooij et al., 1999). When the cryptorchid
estis is returned to the scrotum, complete spermatogenesis
s restored indicating that stem cells remain at least par-
ially functional (Nishimune et al., 1978). Thus, by using
the cryptorchid model, a testis can be produced that lacks
most differentiating germ cells but contains functional
stem cells, a condition similar to the Sl testis. A particular
advantage to the cryptorchid and Sl testis as a technique for
s of reproduction in any form reserved.
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403Spermatogonial Stem Cells in Infertile Micestem cell enrichment is that most differentiated germ cells
are absent; consequently, few manipulative techniques are
required that may result in loss of stem cells as occurs
during HSC enrichment.
In the studies described here, we used the spermatogonial
transplantation technique to evaluate the biological char-
acteristics and level of activity of stem cells present in Sl
and cryptorchid testes as a first step to assess the usefulness
of this approach for an in vivo enrichment procedure. In
ddition, we took advantage of the affinity of stem cells for
aminin and established binding kinetics to optimize the in
itro enrichment procedure to determine if it could be
ombined with in vivo techniques to enhance enrichment.
tem cell enrichment was modest in cell populations iso-
ated from Sl testes but was 25-fold (colonies) or 50-fold
area) in cell populations isolated from cryptorchid testes.
owever, laminin selection failed to further enhance en-
ichment.
MATERIAL AND METHODS
Donor Mice and Cell Collection
Donor cells were recovered from the transgenic mouse line B6,
129-TgR(ROSA26)26Sor, and B6-TgR(ROSA26)26Sor (designated
ROSA26-129 and ROSA26-B6, respectively) purchased from The
Jackson Laboratory (Bar Harbor, ME). These mice express the E. coli
LacZ gene in many cell types, including all stages of spermatogen-
esis, which can be stained blue with the substrate 5-bromo-4-
chloro-3-indolyl b-D-galactoside (X-gal) (Nagano and Brinster,
1998). To introduce the ROSA26 transgene into Sl/Sld mutant
ice, male ROSA26-129 transgenic mice, homozygous for the
OSA26 transgene (endogenous promotor plus LacZ gene) (Nagano
nd Brinster, 1998), were mated to Sl or Sld heterozygous females
(The Jackson Laboratory). The Sl or Sld heterozygous offspring of
these matings, hemizygous for the ROSA26 transgene, were se-
lected and mated together to obtain Sl/Sld mutants. These homozy-
gous mutant mice were examined for the presence of the ROSA26
transgene by LacZ staining of the tail (Nagano and Brinster, 1998),
and only males positive for LacZ staining were used for transplan-
tation experiments. Cryptorchid testes were produced in
ROSA26-B6 mice by making two ventral–lateral flank incisions 2
mm caudal to the last rib and suturing the fat pad of the testis to
the lateral abdominal wall (Nishimune et al., 1978). Care was taken
not to injure blood vessels or epididymal structures. Surgery was
performed when the males were 6 to 8 weeks of age. Cryptorchid
testes were used to provide donor cells 2 to 3 months after surgery.
For microinjection of Sl/Sld or cryptorchid testes cells, cells were
suspended at a concentration of 107 cells/ml.
For studying laminin selection, testes cells from males 4 to 6
eeks of age were obtained from ROSA26-129 for experiments
ith noncryptorchid cells or ROSA26-B6 for experiments with
ryptorchid cells. Selection was performed as previously described
Shinohara et al., 1999) except 60-mm Falcon petri dishes were
sed. To study the effect of concentration, laminin at 1, 5, 10, 20,
r 40 mg/ml in phosphate-buffered saline was used. ROSA26-129
noncryptorchid testis cells were added to each dish (107/dish) and
wo dishes were used to measure the effect of each concentration
Shinohara et al., 1999). At least two determinations were made at
ach concentration. The recovered cells were then suspended in
Copyright © 2000 by Academic Press. All right00 ml of medium for microinjection. At least two cell transplan-
tation experiments were performed at each concentration, and a
total of eight testes were injected for each laminin concentration.
To study the effect of incubation time on laminin selection, two
dishes (107/dish) were incubated at each incubation time point in
hree experiments, and recovered cells were suspended in 100 ml of
medium for microinjection. Two transplantation experiments
were performed, and at least six testes were injected for each time
point.
In selection of the ROSA26-B6 cryptorchid testis cells, 1 3 107
cells were suspended in 2 ml of Dulbecco’s modified Eagle’s
medium plus 10% fetal bovine serum and plated on the laminin-
(20 mg/ml) coated plate for 15 min, and then the attached cells were
elected as previously described (Shinohara et al., 1999). For micro-
injection, the recovered cells were adjusted to a concentration of
107 cells/ml. Two control groups of cells (from cryptorchid and
normal testes) were collected and the three groups of cells (cryp-
torchid plus laminin selected, nonselected cryptorchid, and normal
testis) were injected at equal concentration. Three experiments
were performed, and at least 12 testes were injected for each group.
Control cells were recovered from ROSA26-129 or ROSA26-B6
mice, whichever was appropriate for the experimental mouse
donor. Experimental and control testis cells were collected from
testes in all experiments by a two-step digestion procedure as
previously described (Ogawa et al., 1997).
Recipient Mice and Analysis
Donor cells were transplanted into testes of immunologically
compatible 129SvCP 3 C57BL/6 F1 hybrid (129/B6) males that had
been treated with busulfan (50 mg/kg body wt) at 4 to 6 weeks of
age (Nagano and Brinster, 1998; Nagano et al., 1999). In some
experiments to produce progeny, homozygous W males, immuno-
logically compatible (Wv/W54) with the donor ROSA26-B6 mice,
ere used. These W mice lack endogenous spermatogenesis and
ave previously been shown capable of producing progeny from
ransplanted cells (Ogawa et al., 2000). Experimental and control
onor cells were maintained on ice and then microinjected at equal
oncentrations into the efferent ducts of recipient testes (Ogawa et
l., 1997). Approximately 10 ml can be introduced into the semi-
niferous tubules of a busulfan-treated testis and 3 ml can be
ntroduced into the tubules of a W testis, because these mutant
ice have small testes. In both types of experiments, 75 to 85% of
he tubules in each testis was filled with the cell suspension.
Experimental and control recipient mouse testes were recovered
months following donor cell transplantation and analyzed by
-gal staining as previously described (Nagano et al., 1999). Occa-
ionally, injected testes show fibrosis or hardness at the time of
ecovery, perhaps from transplantation-related inflammation.
hese testes do not generally colonize and were excluded from
nalysis. Seminiferous tubules were spread on a microscope slide,
nd colonies dispersed completely to avoid overlapping, which will
ive rise to low incorrect colonization values. The spread sample
as mounted with a small amount of phosphate-buffered saline
nder a coverslip. The flat image of the tubules was then captured
ith a computer imaging system (Dobrinski et al., 1999). Indi-
vidual blue-stained stretches of seminiferous tubules in recipient
testes reflects generation of donor-derived spermatogenesis from
transplanted stem cells because other testis cells cannot regenerate
spermatogenesis and any endogenous recipient spermatogenesis
does not stain. A typical result is shown in Fig. 1. Both the number
of colonies and the total blue area (mm2) colonized by donor cells
s of reproduction in any form reserved.
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405Spermatogonial Stem Cells in Infertile Micewere used to measure degree of donor stem cell colonization.
However, if a large number of colonies are present, some colonies
are likely to merge; in addition, mechanical breakage of long
colonies during spreading of seminiferous tubule could bias the
counting of colonized segments of tubule. These factors can
influence the colony number when many colonies or long colonies
are present. Therefore, we determined both colony number and
blue area for analysis of results. In experiments using laminin
selection, because the number of cells that could be recovered and
injected on any day varied, results were normalized to number of
colonies or colonized area for donor cells injected at a concentra-
tion of 107 cells/ml. Statistical analysis was performed by Student’s
t-test using the SYSTAT program (SPSS, Chicago, IL).
RESULTS
Transplantation of LacZ-Marked Sl/Sld Testis Cells
In a previous study, we found that W recipient mice
frequently produced offspring after transplantation of Sl/Sld
testis cells (Ogawa et al., 2000), but it was not possible to
quantify the efficiency of colonization in these experi-
ments. To circumvent this problem, the ROSA26 transgene
was introduced into Sl/Sld males and these mutant
OSA26-129 males were used for transplantation experi-
FIG. 1. Transplantation of ROSA26 testis cells. (A) Testis from R
of cells. (B) Testis from a 129/B6 recipient mouse demonstrating th
of ROSA26-129 testis cells. Blue stretches of seminiferous tubule
expanded to produce areas of spermatogenesis (bar, 2 mm).
FIG. 2. Transplantation of Sl/Sld-ROSA26 testis cells. (A) Gross
l/Sld infertile mutant mouse into which the ROSA26 transgene ha
Note large difference in size reflecting absence of spermatogenesis
ith ROSA26 transgene. Germ cells are indicated by arrows. Rig
ifferentiated germ cells in Sl/Sld testis. Testes stained with X-gal
NFR). Bars: testes, 2 mm; sections, 25 mm. (B) Colonization from Sl
0 ml of cell suspension (107 cells/ml) was injected into each testis
colonization in two experiments is represented by the number of in
values are for colonies, Sl, 6.8 6 1.5; control, 2.9 6 0.7; and blue a
5 8 for Sl and n 5 18 for control testes).
IG. 3. Transplantation of cryptorchid ROSA26-B6 testis cells. (A
rom a ROSA26-B6 cryptorchid mouse. Right testis is from a wild
permatogenesis in ROSA26-B6 cryptorchid testes. (Bottom) Left h
re indicated by arrows. Right histological section is from a wild
ryptorchid testis. Testes stained with X-gal. Histological sections s
(B) Enhanced colonization of recipient testes by transplanted crypto
as injected into each testis to determine stem cell activity. De
ndividual blue colonies (solid bars) and by total blue area (open ba
.94; and blue area, cryptorchid, 13.6 6 3.8 mm2; control, 0.24 6 0.
C) Left is a testis from a 129/B6 recipient mouse 2 months after c
ecipient 2 months after control cell transplantation. Right is a
ransplantation of ROSA26-B6 cryptorchid testis cells. Note normal
ails in center of seminiferous tubule. Blue Sertoli cells result from
ndicate colonization by injected Sertoli cells (Nagano et al., 199
ollowed by NFR. Bars: testes, 2 mm; sections, 25 mm.
FIG. 4. Progeny from infertile Wv/W54 recipient male (white) tr
ecipient male was mated with a 129/B6 female (agouti). The offsp
ncubated with X-gal.
Copyright © 2000 by Academic Press. All rightents. The testes of Sl/Sld mice were significantly smaller
than wild-type testes because the mutants lack spermato-
genesis, but they stain blue with X-gal after the ROSA26
transgene was introduced (Fig. 2A). The average weight of
testes from these mutant mice was 11.6 6 0.4 mg (mean 6
SEM, n 5 8), in contrast to 46.7 6 1.9 mg (mean 6 SEM,
n 5 4) for wild type testes. Approximately 106 cells (0.99 6
0.1 3 106; mean 6 SEM, n 5 3) could be recovered from a
l/Sld ROSA26-129 testis, which is about 2.7% of the
number obtained from a wild-type testis (3.69 6 0.7 3 107;
ean 6 SEM, n 5 5). For transplantation, cells from
mutant or control wild-type testes were microinjected at a
concentration of 107 cells/ml into the seminiferous tubules
of a busulfan-treated recipient testis. Two months after
transplantation, testes of transplanted mice were stained
with X-gal, and the number of blue stretches (colonies) and
total colonized area (blue area) was determined for each
testis that received experimental or control cells.
Using this protocol, two experiments were performed,
and the number of colonies generated by testis cells from
Sl/Sld and control mice was approximately 6.8 and 2.9,
espectively (Fig. 2B). Although this represents a twofold
nrichment of stem cells contained in the Sl/Sld testis cell
suspension and the difference is statistically significant
6-129 transgenic mouse incubated in X-gal showing blue staining
lls do not stain. (C) Recipient testis 2 months after transplantation
resent colonies from donor spermatogonial stem cells that have
istological appearance of donor testes. (Top) Left testis is from a
n introduced. Right testis is from a wild-type ROSA26-129 mouse.
/Sld male. (Bottom) Left histological section is from a Sl/Sld mouse
istological section is from ROSA26-129 mouse. Note absence of
tological sections stained with X-gal followed by nuclear fast red
ROSA26 testis cells transplanted to recipient mice. Approximately
Material and Methods) to determine stem cell activity. Degree of
ual blue colonies (solid bars) and by total blue area (open bars). The
l, 1.2 6 0.3 mm2; control, 0.89 6 0.26 mm2 (all are mean 6 SEM;
oss and histological appearance of donor testes. (Top) Left testis is
ROSA26-B6 mouse. Note difference in size reflecting absence of
ogical section is from a ROSA26-B6 cryptorchid testis. Germ cells
ROSA26-B6 testis. Note absence of differentiated germ cells in
d with X-gal followed by NFR. Bars: testes, 2 mm; sections, 25 mm.
testis cells. Approximately 10 ml of cell suspension (107 cells/ml)
of colonization in two experiments is represented by number of
he values are for colonies, cryptorchid, 62.3 6 9.8; control, 2.6 6
m2 (all are mean 6 SEM; n 5 8 for cryptorchid and control testes).
rchid testis cell transplantation. Middle is a testis from a 129/B6
tological section from a 129/B6 recipient testis 4 months after
arance and organization of germ cells and presence of spermatozoa
ching of color from intensely stained germ cells, which does not
estes stained with X-gal. Histological section stained with X-gal
lanted with ROSA26-B6 cryptorchid testis cell suspension. The
carry the donor cell haplotype, and their tissues stain blue whenOSA2
at ce
s rep
and h
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406 Shinohara, Avarbock, and Brinster(P 5 0.01), the colonized area produced by injection of
mutant and control cell populations was not significantly
different (P 5 0.46). The transplanted Sl/Sld testis cells
enerated normal appearing spermatogenesis in recipient
eminiferous tubules after transplantation (data not
hown).
Enrichment of Stem Cells in the Experimental
Cryptorchid Testis
Unless the temperature of the body cavity damages stem
cells or they are decreased in number, testis cells collected
from a cryptorchid mouse should be enriched for stem cells,
because most differentiating germ cells have been elimi-
nated. Importantly, some stem cells remaining in the cryp-
torchid testis are known to differentiate normally after
orchidopexy (Nishimune et al., 1978). Because characteris-
ics of the C57BL/6 cryptorchid testis are well defined and
he only remaining germ cells are type A spermatogonia
Nishimune et al., 1978; de Rooij et al., 1999), these mice
ere selected as donors to maximize the degree of enrich-
ent in the testis cell population. Cryptorchid mice were
ade by suturing the fat pad surrounding the testis to the
bdominal wall. Two to 3 months after the cryptorchid
peration, the testes weighed 26.6 6 1.6 mg (mean 6 SEM,
5 7), whereas normal testes of C57BL/6 mice at 6 to 8
eeks of age weigh 64.0 6 2.6 mg (mean 6 SEM, n 5 8).
Spermatogenesis was not present in the cryptorchid testis
and only a small number of germ cells were observed on the
basement membrane (Fig. 3A). Approximately 1.5 3 106
(1.5 6 0.1 3 106; mean 6 SEM, n 5 5) cells per testis could
be recovered from a cryptorchid testis, which was about
2.5% of the number from a wild-type control (5.8 6 0.4 3
107; mean 6 SEM, n 5 5). Thus, the testis size and number
of cells recovered from a cryptorchid testis were slightly
greater than from a Sl/Sld testis. Two separate experiments
ere performed to compare the stem cell activity from
ryptorchid and control testis cells. Donor cells of each type
ere microinjected at a concentration of 107 cells/ml into
ndividual testes of recipient mice to assess colony forming
ctivity.
Two months after transplantation, the number of blue
olonies and the blue area were increased by a factor of 24
nd 57, respectively, for cryptorchid cells compared to
ontrol cells (Fig. 3B). Clearly the cells from cryptorchid
estes displayed a significantly enriched stem cell activity,
nd the difference in appearance of testes receiving cryp-
orchid and control cells was striking (Fig. 3C). Some
tructural disorganization of spermatogenesis was observed
t 2 months after transplantation, but many normal-
ppearing areas of spermatogenesis were present at 4
onths (Fig. 3C). Because cryptorchid testis cells resulted
n a high level of colonization, three experiments were
erformed to determine if recipients could produce off-
pring. For these transplantations, the concentration of
njected cells was between 4 and 6 3 107 cells/ml. Six
29/B6 and two Wv/W54 mice were used as recipients. The s
Copyright © 2000 by Academic Press. All right29/B6 recipients produced no progeny, but both W recipi-
nts were fertile. One sired pups at 5 months after testis cell
ransplantation (Fig. 4), and the female mated with the
ther W recipient was examined in late pregnancy and the
terus contained a fetus. The origin of the pups from
ransplanted cells was confirmed by X-gal staining of tissue
amples.
Enrichment of Stem Cells by Laminin Selection
Previous studies demonstrated that laminin selection of
testis cells could be used to enrich for stem cell activity
(Shinohara et al., 1999). In order to determine the relative
usefulness of this in vitro technique compared to the in
vivo cryptorchid method of stem cell enrichment, studies
were performed to optimize two characteristics of laminin
selection, concentration of laminin and time necessary for
stem cell binding. In the first group of experiments, petri
dishes were coated with 1, 5, 10, 20, or 40 mg/ml of laminin
solution, and ROSA26-129 testis cells were placed in the
dishes. The number of adherent cells that could be recov-
ered increased up to a laminin concentration of 20 mg/ml,
but doubling the concentration to 40 mg/ml did not improve
ecovery (Fig. 5A). To determine the ability of adherent cells
ollected at each concentration to generate spermatogen-
sis, they were transplanted to recipient testes. When the
ecipient testes were examined after 2 months, both the
umber of colonies produced and the total blue area in-
reased dramatically when laminin concentration was
aised from 1 to 5 mg/ml, indicating a three- to fivefold
enrichment of stem cell activity (Fig. 5A). Further increase
in laminin concentration resulted in only a gradual im-
provement in the enrichment compared to control cells. On
the basis of the percentage of cells recovered and degree of
stem cell enrichment, a concentration of 20 mg/ml laminin
as considered optimum for future studies. At this concen-
ration about 8% of testis cells adhered to the laminin, and
hey were enriched four- to fivefold above controls for stem
ell activity.
In the second group of experiments, petri dishes were
oated with laminin (20 mg/ml) and ROSA26-129 testis
ells placed were in the dishes. Two determinations of
inding were made at 15, 60, and 120 min, and binding
ncreased but not in a linear manner (Fig. 5B). About 35% of
he cells that would adhere in 1 h were already bound in 15
in, and between 1 and 2 h only 20% more cells attached
Fig. 5B). To determine the stem cell activity of the adherent
ells at each time point, the cells were microinjected into
ecipient mice. Cells not exposed to laminin were also
icroinjected into other testes as controls. When the re-
ipient testes were examined after 2 months, both the
umber of colonies and the total blue area generated were
ound to decrease with time of attachment to laminin (Fig.
B). Adherent cells were enriched five- to sevenfold at 15
in and only threefold at 120 min. Therefore, stem cells
dhere to laminin more rapidly than most other cells, and a
hort collection time of 15 min will maximize enrichment.
s of reproduction in any form reserved.
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407Spermatogonial Stem Cells in Infertile MiceExtending the time to 60 min will more than double the
number of cells recovered with a small decrease in stem cell
enrichment (Fig. 5B).
Laminin Selection of Cryptorchid Testes
In order to determine whether stem cell enrichment
achieved in cryptorchid testes could be enhanced by lami-
nin selection, the two techniques were combined. In three
experiments, cryptorchid testes from ROSA26-B6 animals
were dissociated, and the cells were incubated for 15 min on
laminin- (20 mg/ml) coated dishes. Recovery of cells ranged
from 8 to 21% of the number added. A second group of cells
was collected from cryptorchid testes and was not selected
with laminin. A third group of cells was also recovered from
FIG. 5. Laminin selection of wild-type ROSA26-129 testis cells.
(A) Effect of laminin concentration on recovery of spermatogonial
stem cells. Open circles indicate percentage of testis cells recovered
from laminin-coated dishes in at least three experiments. These
cells were then transplanted to recipient testes to determine stem
cell activity. Approximately 10 ml of the laminin-selected cell
suspension (ranging from 1.8 to 16.2 3 106 cells/ml) was injected
nto individual recipient testes. Unselected control cells from
ild-type mice were injected at the same time and concentration
nto other recipient testis. The fold increase in stem cell activity of
ells selected at each laminin concentration compared to un-
elected cells is represented by number of blue colonies (closed
ircle) and total blue area (shaded circle). The values for each
aminin concentration were determined in two or three separate
xperiments, and each point represents data from more than eight
estes. (B) Effect of time testis cells were exposed to laminin-coated
20 mg/ml) dishes on the recovery of spermatogonial stem cells.
Open circles indicate percentage of testis cells recovered from
laminin-coated dishes in three experiments. To determine stem
cell activity of the recovered cells, approximately 10 ml (concentra-
ion 5.7 to 9.3 3 106 cells/ml) was injected into each recipient
testis. The fold increase in stem cell activity of cells selected at
each time compared to unselected control cells is represented by
number of colonies (closed circle) and total blue area (shaded
circle). The values for each time point were determined in two
experiments and each point represents data from more than six
testes.normal mice to act as control. The three groups of cells
Copyright © 2000 by Academic Press. All right(cryptorchid plus laminin, nonselected cryptorchid, and
normal testis) were microinjected into recipient testes.
When recipient testes were examined after 2 months, the
number of colonies and total blue area were the greatest for
the cryptorchid plus laminin and nonselected cryptorchid
and least for normal control testis cells (Fig. 6). Laminin
selection failed to increase stem cell enrichment above the
level found for cells from cryptorchid testes alone, and it
was again clear that the cryptorchid procedure resulted in a
dramatic enrichment compared to normal testes (Fig. 6).
DISCUSSION
In an attempt to purify the spermatogonial stem cell, we
examined both the Sl/Sld and the cryptorchid testis as a
potential source of an enriched population of stem cells.
The results showed that cells recovered from cryptorchid,
but not from Sl/Sld, testes were greatly enriched for stem
cells and that laminin selection did not further increase the
concentration of stem cells. The low level of enrichment of
stem cells from Sl/Sld testes was unexpected. The number
of cells recovered from a Sl/Sld testis was about 2.7% of a
ild-type testis, and the enrichment was about twofold.
herefore, the total number of stem cells in the Sl/Sld testis
is only about 5.4% of that in a wild-type testis. This result
was surprising because previous studies suggested that
Sl/Sld testes might be enriched for stem cells, since they
enerated progeny following transplantation to W mice
FIG. 6. Transplantation of laminin-selected cryptorchid testis
cells. Cryptorchid ROSA26-B6 testis cells were selected on
laminin-coated (20 mg/ml) dishes for 15 min. To determine stem
cell activity of the recovered cells, approximately 10 ml of selected
ell suspension (107 cells/ml) was injected into individual recipient
testes. Unselected cells from cryptorchid or wild-type control
(noncryptorchid) mice were injected at the same time and concen-
tration into other recipient testes. Degree of colonization in three
experiments is represented by the number of individual colonies
(solid bars) and total blue area (open bars). The values are for
colonies, cryptorchid 1 laminin (LN), 41.9 6 2.7; cryptorchid,
5.9 6 4.8; wild-type control, 1.9 6 0.4; and blue area, cryp-
torchid 1 LN, 9.8 6 1.0 mm2; cryptorchid, 11.0 6 1.4 mm2; control,
0.31 6 0.1 mm2 (all are means 6 SEM; n 5 16 for cryptorchid 1
LN, n 5 18 for cryptorchid and n 5 15 for control testes).
s of reproduction in any form reserved.
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408 Shinohara, Avarbock, and Brinster(Ogawa et al., 2000). Perhaps progeny were produced be-
cause of a slight increase in enrichment found in Sl testis
cells combined with a hospitable environment in the testes
of W recipients.
An important question posed by the Sl experiments is the
relationship of Sl factor (particularly membrane-bound Sl
factor) to the biology of spermatogonial stem cells, which
arise from primordial germ cells (PGCs) (Hilscher et al.,
974). In wild-type mice, estimates indicate that the num-
er of stem cells (approximately 40,000 to 70,000) (Meis-
rich and van Beek, 1993; Tegelenbosch and de Rooij, 1993)
n the adult is remarkably similar to the number of PGCs in
3.5 days postcoitum embryos (approximately 26,000) (Tam
nd Snow, 1981). The importance of Sl to PGCs for migra-
ion, survival, and proliferation has been defined (Donovan,
993), and Sl/Sld mice are known to have only 7.5% of the
PGCs found in wild-type mice (Bennet, 1956; McCoshen
and McCallion, 1975). Since adult Sl/Sld mice have only
.4% of the number of wild-type stem cells, one could
ostulate that either (1) PGCs determine the number of
permatogonial stem cells normally present in wild-type
estes and they never expand or (2) the mutant Sl/Sld testis
nvironment, which lacks membrane-bound Sl, does not
llow stem cells to increase in number. Currently, it is
ifficult to resolve these two possibilities. Several studies
ave provided evidence that stem cells generally expand
ollowing germ cell depletion by deleterious treatment (e.g.,
rradiation or chemotherapeutic agents) (Meistrich and van
eek, 1993), which contradicts the first postulate. Other
eports weaken the second postulate. For example, there is
vidence that c-kit, the receptor for Sl factor, is not ex-
ressed on the stem cell; and undifferentiated spermatogo-
ia proliferate normally when c-kit is blocked with anti-
ody, although more mature spermatogonia and other germ
ells, known to express c-kit, disappear (Yoshinaga et al.,
991). In addition, stem cells are not enriched by selection
ith specific antibody to c-kit (Shinohara et al., 1999).
hese findings suggest that Sl factor is not required by adult
tem cells and undermine the second postulate.
At least two problems make it difficult to derive a
nifying hypothesis for the role of Sl factor in adult male
tem cell biology from the apparently conflicting results of
hese experiments. The first problem is that previous stud-
es depend on indirect morphological measures of stem cell
ctivity, such as the degree of spermatogonial proliferation
r spermatogenesis. A direct functional assay for stem cell
ctivity was not available. The second problem is the
ifficulty in distinguishing between maintenance and ex-
ansion of stem cell number, particularly by morphological
riteria, because it requires quantification of stem cell
umber. One might argue that stem cells can maintain
heir number without Sl factor but need to increase expres-
ion of c-kit and require the presence of membrane-bound
l for expansion. It is likely that this explanation is incom-
lete and that a graded expression of both c-kit and Sl factor
rings about a sophisticated and modulated response in
tem cell renewal and expansion. Our results provide the s
Copyright © 2000 by Academic Press. All rightrst quantitative data on stem cell activity in a Sl mutant,
nd suggest that membrane-bound Sl may be required for
ncreasing the adult stem cell population above the number
f PGCs present in the fetus. Additional questions can now
e addressed regarding the role of c-kit and Sl in stem cell
iology using the spermatogonial transplantation tech-
ique, which can quantify stem cells. Fortunately, several
l mutations that show characteristic patterns of compro-
ised spermatogenesis exist to facilitate these experiments
Silvers, 1979).
In contrast to Sl/Sld testes, cryptorchid testis cell popu-
ations were greatly enriched for stem cell activity. Germ
ells comprise at least 90% of wild-type testis cell popula-
ions, and more than 95% of the germ cells are differenti-
ting (Huckins, 1971; Clermont, 1972). In C57BL/6 cryp-
orchid males, only undifferentiated type A spermatogonia
re found, arranged as spermatogonial clones consisting of 1
o 16 cells (de Rooij et al., 1999). Spermatogonia that
ifferentiate further undergo apoptosis as long as the testes
re retained in the abdominal cavity. This is an in vivo
election advantage not found in any other stem cell system
f the body. Because differentiated germ cells are absent in
he cryptorchid testis, this testis cell population might be
xpected to contain a greater concentration of stem cells.
hile it is known that spermatogenesis is regenerated
ollowing orchidopexy (Nishimune et al., 1978), the num-
er and physiological status of the remaining stem cells
ollowing exposure to the elevated body temperature has
ever been examined quantitatively by a functional assay.
n our experiments, the number of cells recovered from 6- to
-week-old wild-type testes was about 40 times greater than
rom cryptorchid testes, but enrichment of stem cells in the
ryptorchid was 25-fold (colonies) or 50-fold (area). There-
ore, the total number of stem cells was approximately the
ame in wild-type and cryptorchid testes, indicating that
he elevated temperature had little or no effect on stem
ells.
Two important implications arise from our results with
ryptorchid testis cells. First, the function of spermatogo-
ial stem cells is not adversely affected by the elevated
emperature and other changes that occur in the cryp-
orchid testis during the 2- to 3-month period used in these
tudies. However, in experimental situations and medical
onditions, testes are often retained for longer periods,
uring which continuing morphological changes are ob-
erved (Setchell, 1998). Moreover, it is generally accepted
hat early correction of naturally occurring cryptorchidism
esults in improved fertility compared with late correction
Setchell, 1998). For example, in the well-studied C57BL/6
ouse model, testes that have been cryptorchid for 8
onths or longer do not regenerate spermatogenesis after
rchidopexy (Nishimune et al., 1986). During this period,
he number of Sertoli cells decreases and fibrosis of semi-
iferous tubules is observed, but the number of type A
permatogonia and mitotic germ cells do not show any
ignificant change, suggesting the existence of functioning
tem cells. The spermatogonial transplantation technique
s of reproduction in any form reserved.
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409Spermatogonial Stem Cells in Infertile Micecould be used to transplant these stem cells from testes that
had been cryptorchid for a long period into a normal
recipient testis to test their ability to regenerate spermato-
genesis and determine the long-term effect of temperature
or the cryptorchid condition on stem cells, similar to the
experiments proposed for Sl factor. Results of such experi-
ments would have important biological and medical signifi-
cance.
The second important implication from the cryptorchid
experiments is that the procedure produces considerable
stem cell enrichment. Each recipient testis received ap-
proximately 10 ml of cell suspension injected into the
seminiferous tubules, which contained 105 cells. About 50
colonies per testis were produced, and previous studies
suggest that the efficiency of colonization by stem cells is
about 10% (Nagano et al., 1999; Dobrinski et al., 1999).
herefore, the cryptorchid testis cell suspension contained
bout 1 stem cell in every 200 cells, which is 5 to 10 times
ore enriched than following selection with laminin or
ntibodies to integrins (Shinohara et al., 1999). When lami-
nin selection was applied to cryptorchid testis cells, no
further enrichment was achieved. Since laminin selection
depends on the ability of stem cells to attach to basement
membranes and other germ cells remaining in the cryp-
torchid testis also reside only on the basement membrane,
perhaps it is not surprising that these two selection tech-
niques were not additive. For example, it is very likely that
committed spermatogonia cells also attach to laminin.
Therefore, development of other in vitro selection tech-
niques that depend on distinct surface antigens will be
necessary to select the stem cell from among cryptorchid
cells. Use of these distinct surface antigens for positive
selection and final purification is similar to the process
developed for isolation of HSC (Spangrude, 1989). Because
the cryptorchid procedure relies on in vivo manipulation
hat appears not to have any adverse effect on the function
f the stem cell, differentiated cells can be removed in a
ingle step without loss of stem cells. In contrast, enrich-
ent procedures applied to bone marrow result in signifi-
ant loss of the total cell population, including stem cells,
uring the multiple manipulations (Visser et al., 1984;
Muller-Sieburg et al., 1986). Furthermore, enrichment pro-
cedures that rely on in vitro treatment by centrifugation,
antibodies, or machine sorting may adversely affect activity
of the stem cells, a situation that is difficult to identify or
eliminate. In fact, HSC enrichment procedures that employ
cytotoxic agents are known to destroy stem cells (Harrison
and Lerner, 1991). Thus, the cryptorchid approach is an
ideal negative selection method for the enrichment of stem
cells and further combination with other cell separation
techniques will improve the degree of enrichment.
Stem cells enriched by the cryptorchid procedure were
fully functional when transplanted to recipient males.
Colonies of donor-derived spermatogenesis with normal
appearing organization and containing spermatozoa were
produced. Furthermore, two of eight recipient males main-
tained for a long period were fertile, and LacZ staining
Copyright © 2000 by Academic Press. All rightemonstrated that offspring carried the donor cell haplo-
ype. Production of progeny by recipient males following
permatogonial transplantation requires not only fully
unctional stem cells, but also a significant level of sper-
atogenesis, which generally is achieved when there are
umerous colonies and an extended period of time for the
olonies to spread. Interestingly, W mutant males appeared
o be better recipients than 129/B6 males treated with
usulfan. Two explanations may exist. First, busulfan treat-
ent may compromise Sertoli cells in 129/B6 animals and
ecrease their ability to support the migration of trans-
lanted stem cells to the basement membrane or the spread
f colonies. Second, endogenous stem cells in 129/B6 recipi-
nts that escape busulfan destruction may interfere with
onor cell colonization of the testis. Other factors may be
nvolved, but further studies will be necessary to establish
hether W recipients are indeed superior to busulfan-
reated animals.
The results of these experiments demonstrate the im-
ortance of infertile mouse models for understanding
permatogonial stem cells. Although these models have
ong been studied by descriptive methods, the spermato-
onial transplantation technique allowed an analysis of
he biological characteristics of the germ cells present
sing a functional assay. With this technique, we were
ble to show that cell populations from cryptorchid, but
ot Sl, testes were enriched for stem cell activity. The
ow number of stem cells in the Sl testis raises important
uestions about the role of Sl factor in stem cell devel-
pment and regulation in adult testes. The high concen-
ration of stem cells in cell populations from cryptorchid
estes indicates that the cryptorchid condition did not
ffect stem cells, and the technique offers an efficient in
ivo enrichment method for stem cells. Because the
ryptorchid technique can be applied to other animal
pecies, it will provide a valuable tool for enrichment of
tem cells in many species. Furthermore, the quantita-
ive analysis of stem cell activity by functional assay is a
owerful approach to gain insight into the biology of
permatogonial stem cells and could be extended to other
nfertile models to determine the number and examine
he biology of germ cells that are present. The enrich-
ent of stem cells in cryptorchid testes will facilitate the
haracterization of these cells and provide an opportunity
o develop new methods to achieve greater purity, for
xample, by fluorescence-activated cell sorting. A com-
ination of in vivo and in vitro enrichment techniques
ill be the most effective approach to obtain pure popu-
ations of these important cells for molecular character-
zation and genetic manipulation.
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